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 
Abstract— A high-gain Bull’s-Eye leaky-wave horn 
antenna working at 77GHz with sinusoidal profile has been 
designed, fabricated and experimentally measured. The 
influence of the number of periods on the gain and 
beamwidth are numerically investigated. Experimental 
measurements show a high gain of 28.9dB, with low side-lobe 
level and a very narrow beam width in good agreement with 
results obtained from simulations.  
 
Index Terms—Leaky Wave Horn Antenna, Sinusoidal 
Profile, Bull’s-Eye, Corrugated surface, Millimeter-waves  
I. INTRODUCTION 
eaky-wave antennas are a time honored research 
topic [1],[2]. In 1946, W. W. Hansen patented the first 
known leaky wave antenna, presented as a radiating 
electromagnetic waveguide capable of steering the 
radiating beam [3]. Two basic types of leaky wave 
antennas can be found: uniform [2],[4] and periodic 
antennas [2],[5].  
Some years ago, periodic leaky wave antennas with 
very low profile and with broadside radiation were 
reported in the microwaves range [6]–[8] as an evolution 
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of the work developed in [9]–[11]. The plasmonic 
explanation proposed in [9] was then complemented by a 
leaky-wave interpretation [12], [13]. Afterwards, similar 
antennas were proposed for quantum-cascade lasers [14].  
Here, we present an evolution of the so-called Bull’s-
Eye antenna (i.e. central slot surrounded by annular 
corrugation), which was first presented in [15] and, soon 
after, in [6], by introducing a sinusoidal corrugation profile 
instead of  the typical square corrugations or the recently 
investigated triangular corrugations [16]. A similar idea 
was also studied in [17], but there the surface was 
modulated by a sinusoidal spiral function, achieving a 
circularly polarized leaky wave antenna. In our antenna, a 
very high-gain as high as 28.9dB with a low side lobe 
level (-23.9dB) and very narrow beamwidth (1.2deg) is 
experimentally demonstrated at the W-band of the 
millimeter-waves, a frequency where automotive radar 
applications are proposed for on board navigation systems 
such as adaptive cruise control, object detection, blind spot 
detection, to name a few. 
II. PROTOTYPE DESIGN AND SIMULATIONS 
As shown in Fig. 1(a), the antenna consists of a metallic 
plate with a small central aperture surrounded by a 
sinusoidal periodic structure. The operation frequency 
selected is f = 77 GHz ( = 3.89 mm). 
The excitation of the antenna is done by using a 
standard waveguide (WR-10, W band) screwed to the back 
of the antenna. The power is coupled to the output by 
means of a slot resonance determined by the disc depth, t, 
and slot width, sx, see Fig. 1(b).   
In the final prototype, the minimum antenna thickness 
is constrained by the amplitude of the sinusoidal 
corrugation and the flange needed to attach the input 
waveguide to the antenna (UG-387/U MOD flange). The 
slot height, sy, mainly governs the operation bandwidth 
and depth of resonance. In order to have a relatively high 
quality factor resonance, sy << λ. The corrugated structure 
with period d and number of periods p starts at an 
optimized offset distance, o1. At this offset distance 
currents are not affected by the reactive fields emerging 
from the radiating slot. It was also observed that including 
a small offset at the end of the disc, o2, enhanced the side 
lobe level. This improvement can be ascribed to an 
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optimized termination for the travelling wave. As 
discussed in [6], [7], [14], broadside radiation takes place 
when the period of the corrugated structure is close to the 
wavelength, d  . With this condition, together with a 
proper grooves’ dimensions tuning, the periodic structure 
radiates a narrow beam from the excitation of the n = -1 
space harmonic (or Floquet mode).  
The finite-integration time-domain software CST 
Microwave Studio
TM
 was used to design and study the 
antenna where the metallization was modelled as a perfect 
electric conductor, since it is a good approximation for 
metals at millimeter-waves. Given the two-fold symmetry 
of the antenna, vertical electric and horizontal magnetic 
symmetries were applied to simulate only a quarter of it. 
The smallest hexahedral mesh cell was 0.08 × 0.08 × 0.05 
mm to map accurately the geometry. To obtain the final 
design, an optimization routine, based on the Trust Region 
Framework algorithm was run, taking as a seed the 
theoretical parameters described above. The goal here was 
to obtain the highest possible directivity, along with the 
lowest side lobe level. The final dimensions for a p=20 
period structure can be seen in Table I. 
 
TABLE I 
PARAMETERS FOR BULL’S-EYE SINUSOIDAL ANTENNA 
 
The parameter S11 presents a resonance of about 16 
dB at 77 GHz, Fig. 1(c). As shown in Fig. 2(a,b), for this 
frequency a clear enhancement is achieved in both E- and 
H-plane radiation patterns when the sinusoidal periodic 
structure is included. The directivity of the antenna with a 
sinusoidal perturbation is D = 29.38 dB (red curve) with 
an enhancement of about 24 dB compared to the slot (blue 
curve). A sharp lobe with a narrow 3 dB beamwidth -3dB 
= 1.2 deg appears with a side lobe level below 21.4 dB 
taken at ±4.7 deg in the E-plane and -3dB = 2.4 deg and 
24.6 dB side lobe level in the H-plane. 
As discussed in [12], for this type of leaky wave 
antennas consisting of a central slot surrounded by a 
periodic structure, pure broadside radiation (θ = 0 deg) is 
impossible due to the open stopband effect. In these 
antennas, radiation is conical and the parameters can be 
tuned to get the cone angle small enough to give  a 
radiation in a nearly broadside single beam. 
In other leaky-wave antenna designs [18], broadside 
radiation is achieved for microstrip structures with 
complex cells which include a quarter-wave transformer, 
or alternatively a matching stub.  
In order to show more clearly the effect of including a 
periodic structure, the number of periods on the antenna 
was changed from 2 to 41 (i.e., the size of the antenna was 
changed) with the rest of parameters unchanged. Figure 3 
presents the evolution of the directivity and beamwidth in 
the E-plane as a function of number of periods. The 
increase of the antenna size enables the leaky-wave to 
propagate longer, thus increasing the effective length and 
therefore, the directivity. Meanwhile, this improvement in 
the directivity is accompanied by a narrowing in the 
frequency bandwidth (inset in Fig.3). The larger the 
number of periods, the better the definition of the band 
(i.e., the higher the attenuation rate in filter jargon).  
 
 
Fig. 1. Sinusoidal Bull’s Eye antenna (a). Detail of the slot resonance (b). 
Measured (blue curve) and simulated (red curve) S11 (c). 
 
A frequency scaled version of the Bull’s-Eye antenna in 
[6] with square  instead of sinusoidal  corrugations was 
also studied for the same number of periods at 77 GHz, see 
Fig. 3. The directivity of the rectangular groove antenna 
(triangles in Fig. 3) overpasses that of the sinusoidal 
antenna for small number of periods (i.e., small radius), 
namely until the aperture efficiency relevant to the leaky-
mode illumination is high enough [6]. When the aperture 
dimension reaches a certain limit value, the aperture 
tapering efficiency becomes too low and the directivity of 
the sinusoidally corrugated antenna (dots) becomes larger. 
Concerning the beamwidth (reported in the same Fig. 3), 
the two types of antennas exhibit a similar behaviour, 
presenting around -3dB = 0.6 deg. From p=30 onwards, 
less than 1.3% (1 GHz) bandwidth was observed for both 
cases, whereas, regarding the aperture efficiency, values 
between 6% and 7% were obtained. 
Due to the simulation workload for structures larger 
than p=41, only a single simulation was done for p=50, for 
which a 1dB higher gain was observed (38.3dB for the 
sinusoidal case). 
 
III. EXPERIMENTAL MEASUREMENTS 
A 20 period antenna was fabricated (by beamforming) 
as it was considered a good tradeoff between the 
Parameter Value (mm) 
Cosine Period, d 3.89 
Cosine Amplitude, a 0.439 
Offset1, o1 5.117 
Offset2, o2 0. 883 
Disc Thickness, t 3.439 
Slot width, sx 2.203 
Slot height, sy 0.6 
directivity and a reasonable dimension/cost. The raw 
material used for the structure manufacturing was ENAW-
7075 (AlZn5.5MgCu). In the first step, called turning 
process, the disc with the sinusoidal surface is produced, 
followed by the milling process, where the flange 
geometry is drilled. Finally, a spark erosion process is 
applied whereby the rectangular waveguide (flange’s and 
disc’s slots) is eroded. The final result is shown in the inset 
in Fig. 4.  
 
 
 
 
Fig. 2. Simulated radiation diagram comparisons for flat disc (blue 
curves) and sinusoidal Bull’s Eye (red dotted curves): E-plane (a) and H-
plane (b). Radiation diagram comparisons for simulated (red dotted 
curves) and measured (green curves) sinusoidal Bull’s Eye: E-plane (c) 
and H-plane (d). 
 
 
 
Fig. 3. Beamwidth (left hand scale) and Directivity (right hand scale) 
versus number of periods (one period is approximately equal to one 
wavelength) for square-grove corrugations (triangles) and sinusoidal 
corrugation (circles). (Inset) Directivity vs. frequency for 5, 10 and 20 
period antennas. 
 
For the experimental characterization of the antenna 
return loss and its radiation patterns, an ABmm 
Quasioptical Vector Network Analyzer together with a 
rotary platform (from 0 to 180 deg angle range) were 
employed. The test was done for the 71-87 GHz range. 
To characterize the return loss, a calibration was done 
by placing a short-circuit (i.e. a mirror) at the output of the 
feeding waveguide, so that the reflection is maximum. 
Then the mirror was removed, and the antenna was 
connected. In order to avoid spurious effects due to 
reflections, the antenna was pointed towards an open area 
and, as a further caution, millimeter-wave absorbers were 
placed in the path. A good agreement is observed between 
simulated and measured S11 (Fig. 1(c)), with a slight 
frequency shift. Arguably, this might be due to mechanical 
tolerances.   
To obtain the radiation diagram, two opposite 
platforms were placed with a separation of 3.10 m, far 
from the far-field condition (13 m) due to physical space 
and instrumentation restraints. On the first platform the 
software controllable rotary platform was placed, where 
both the reference horn antenna and the Bull’s-Eye 
antenna were mounted. The antennas’ center was located 
1.10 m above the floor and 1.5 m below the ceiling. The 
receiver horn antenna was placed on the other platform 
and carefully aligned with the transmitter. The path 
between antennas, as well as the platforms, was covered 
with millimeter-wave absorbers to mimic anechoic 
chamber conditions. The calibration was done by 
measuring the free-space transmission placing two 
identical standard horn antennas face to face at the 3.10 m 
distance. To measure the polar radiation diagrams, the 
sinusoidal antenna was rotated from -10 to +10 deg, with a 
step of 0.1 deg, and from -180 deg to -10 deg and from 10 
deg to 180 deg with a step of 1deg, from 71 to 87 GHz 
with a step of 50 MHz.  
 
 
 
The sinusoidal Bull’s-Eye antenna broadband gain was 
then obtained by applying the gain-transfer (gain 
comparison) or substitution method [19]. The curves 
shown in Fig. 4 compare the behavior of the simulated and 
fabricated prototypes. A gain peak of 28.9 dB around the 
working frequency is measured, approximately 7.9 dB 
higher than the reference horn antenna. Both simulated 
and measured Bull’s-Eye antennas have a similar 4 GHz 
bandwidth with higher gain than the reference horn 
antenna. Some ripple within the operation bandwidth 
appears in the measurements, probably due to some 
undesired reflections in the experimental facilities. 
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TABLE II 
RADIATION CHARACTERISTICS FOR 20 PERIOD ANTENNA AT 77GHZ 
Parameter Simulation Measurement 
Directivity (dB) 29.38 28.9 
-3dB (deg) 1.2 1.2
 
Bandwidth (GHz) 2.8 3 
Side Lobe Level (dB) -21.4 -23.9 
   
 
As shown in Fig. 2(c,d), the polar radiation diagrams 
obtained from simulations and measurements at the design 
frequency match almost perfectly for both E- and H-
planes. Table II summarizes the main parameters obtained 
from them.  
 
Fig. 4. Sinusoidal/Horn gain curves comparison. Inset: Manufactured 
Sinusoidal Bull’s-Eye Antenna. 
IV. CONCLUSIONS 
A leaky-wave Bull’s-Eye antenna with sinusoidal 
profile surface and working at 77 GHz has been designed, 
analyzed and measured. Several numerical studies have 
been performed to assess the performance of the antenna 
as a function of the number of periods with two different 
corrugation profiles, square and sinusoidal corrugations. In 
both cases, it is observed that the directivity (beamwidth) 
monotonically increases (decreases). The sinusoidal 
antenna has been experimentally characterized in the W-
Band of the millimeter-wave spectrum.  
A high gain of 28.9 dB, with side lobe level of -23.9 dB 
and 1.2º beamwidth, has been obtained in the 
measurements, in good agreement with the numerical 
simulations. It has been also demonstrated that sinusoidal 
and square corrugation profiles present very similar 
radiation characteristics. Nevertheless, the former can be 
of interest when medium/high power handling capabilities 
are required, since it does not present sharp corners that 
could lead to multipactor effects. These results could be of 
interest for novel antenna designs at millimeter waves and 
terahertz frequencies.  
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